Microbial biofilms and most eukaryotic tissues consist of cells embedded in a three-dimensional extracellular matrix. This matrix serves as a scaffold for cell adhesion and a dynamic milieu that provides varying chemical and physical signals to the cells. Besides a vast array of specific molecular components, an extracellular matrix can provide locally heterogeneous microenvironments differing in porosity/diffusion, stiffness, pH, oxygen and metabolites or nutrient levels. Mechanisms of matrix formation, mechanosensing, matrix remodeling, and modulation of cell-cell or cell-matrix interactions and dispersal are being revealed. This perspective article aims to identify such concepts from the fields of biofilm or eukaryotic matrix biology relevant to the other field to help stimulate new questions, approaches, and insights.
between its many constituents [3] [4] [5] [6] [11] [12] [13] . The availability of complete genome sequences coupled with recent advances in analytical, imaging, and spectrometry methods [14] will facilitate this detailed characterization of the 'Biofilm Matrisome' necessary to elucidate its roles in biofilm physiology and pathogenicity. For example, function-composition analyses of in vitro and in vivo biofilm matrix revealed clinical relevance of certain matrix components in limiting antifungal [15] and antibiotic [16] penetration, contributing to drug resistance. Additionally, host ECM components can mediate interactions between microbes and eukaryotic cells in initiating biofilm-associated infections (see later). Thus, elucidating the changing molecular composition of interfaces between EPS and ECM will enhance our understanding of microbial-host interactions.
*http://www.matrixome.com/bm/Home/home/home.asp; http://www.proteinatlas.org; http:// matrixdb.ibcp.fr
Matrix scaffolding for cell-matrix adhesion and mechanical stability
The diverse roles of the ECM in eukaryotic physiology (or pathogenesis) are based on its complex but well-characterized physical, biochemical, and biomechanical properties. The ECM provides binding sites for cell attachment via cell-matrix adhesions, serving a physical/structural (scaffolding) role essential for tissue and organ morphogenesis, and its dysregulation can promote tumorigenesis or metastasis [1] . Microorganisms also express membrane-associated proteins that, analogous to eukaryotic cells, can recognize and bind specific polymeric components of the matrix [3] [4] [5] [6] . The production of EPS by microorganisms enhances cell adhesion to solid surfaces and cohesion between organisms to increase microbial accumulation, forming microcolonies of varying shapes and sizes [5, 9] (Fig. 2) . For example, the oral pathogen Streptococcus mutans secretes EPS-producing exoenzymes termed glucosyltransferases (Gtfs) that can bind to both tooth and microbial surfaces, including fungi (Candida albicans) [17] . Intriguingly, these surface-bound Gtfs remain highly active despite major conformational changes [18] , producing large amounts of EPS to provide bacterial binding sites that promote mixed-species (and even cross-kingdom) biofilm formation [19] . Motile bacteria (Bacillus subtilis and Vibrio cholera) appear to use flagella as mechanosensors to scan surfaces and initiate cell adhesion [5, 20] . The production of EPS components, whether by secretion or lysis, is a tightly regulated process involving the biofilm cell population (or sub-population) [5, 6] . EPS then accumulates to form a complex polymeric 3D matrix scaffold in which microorganisms become enmeshed and assemble a highly organized and compartmentalized 3D biofilm architecture [3] [4] [5] [6] 13] 
Biophysical analyses of biofilms and EPS are clarifying their physical contributions to local microenvironments and resistance to mechanical removal or antimicrobials [9] . Wellestablished biofilms are mechanically difficult to remove from surfaces and often display viscoelastic properties, which can help them persist by partially yielding rather than detaching when subjected to external (fluid) shear stresses [9, 21] . EPS deposition on surfaces and development into polymeric matrix affect the mechanical properties of biofilms, such as increasing adhesive strength to surfaces and cohesiveness [9] . Matrix stiffness appears to increase as the biofilm matures [21] . However, it remains to be determined how EPS components and bacterial interactions modulate local adhesive and cohesive forces. Highly heterogeneous viscoelastic properties were identified throughout 3D biofilms using magnetic tweezers [22] , where the local mechanical profile depended on cellsurface appendages, such as pili or curli. Likewise, analyses of ECM can identify global and local matrix physical properties directly affecting cellular behavior and tissue/organ development. For example, ultrasound and atomic force microscopy provide details about ECM architecture, deposition, and function [23] [24] [25] . Local stiffening of the ECM with collagen fiber alignment is associated with solid tumors [25] [26] [27] . Enhanced understanding of the biomechanical properties of EPS matrix may lead to innovative approaches to remove or disassemble pathogenic biofilms, while understanding local ECM changes may provide new approaches for tissue engineering and cancer biology.
The eukaryotic ECM is initially constructed but also remodeled by cell-to-matrix adhesions, as reviewed extensively (e.g. [1, 2] ). ECM remodeling is crucial during morphogenesis (the development of form in embryos). For example, local remodeling to generate hundreds of microscopic holes in basement membranes surrounding developing organs permits controlled expansion of tissues without tissue mixing [28] . Conversely, larger basement membrane holes permit invasion of tumor cells into normal tissues [29] . During tumor metastasis, cancer cells can invade or disperse to distant sites through complex processes of local matrix or target-tissue microenvironmental remodeling [30] . Likewise, EPS matrix remodeling may affect biofilm development by altering the mechanical properties and/or providing new binding sites to additional microorganisms that were unavailable during initiation. Furthermore, at later stages, mature biofilms release small aggregates or even individual cells, often through matrix degradation, to seed uncolonized sites and reinitiate the biofilm life cycle [31] . Understanding how bacterial EPS is produced locally or deposited on abiotic and biotic surfaces dynamically, and how microbial binding sites and cell-matrix adhesive interactions affect bacterial cell function/virulence, microcolony shape, and assembly/disassembly of surrounding 3D microenvironments need to be determined in detail.
Although ECM formation by eukaryotic cells has been studied by fluorescence time-lapse microscopy, recent advances in biofilm research provide exciting opportunities for both fields. Super-resolution microscopy and novel solid-state NMR methods have provided impressive details about EPS secretion and matrix organization by V. cholerae at the singlecell level with single-polymer/protein-labeling precision [5, 32] . These approaches reveal the spatio-temporal order of deposition of four essential matrix constituents (a polysaccharide and three proteins). These extracellular materials accumulate at different locations on the cell surface, each with complementary roles in biofilm development: mediating cell-cell adhesion, formation of cell clusters and adherence to a surface, and forming dynamic, flexible, and ordered envelopes that encase cell clusters [5] . Recently, 3D-structured illumination super-resolution microscopy revealed a coordinated 'explosive cell lysis' by sub-population of Pseudomonas aeruginonas cells, releasing eDNA and other biofilm matrix constituents that are critical for microcolony development [33] . How bacteria spatially segregate matrix material within the biofilm, and how the matrix stretches and expands to accommodate cell growth or promote dispersion remain unknown. Similar approaches applied to mammalian cells should provide new insights into local ECM assembly and remodeling for tissue expansion.
Matrix modulation of microenvironmental heterogeneity
The 3D assembly of biofilm matrix can create highly heterogeneous and compartmentalized microenvironments, a phenomenon also prominent in tumor ECM. The formation of chemical and nutritional gradients within most biofilms appears to involve a balance between matrix acting as a physical barrier affecting diffusion of substances in and out of the biofilms and local microbial consumption/metabolism, resulting in numerous niches with varying concentrations of pH, O 2 , signaling molecules and other solutes [34] . During biofilm matrix synthesis by an oral pathogen (S. mutans), a fluorescent pH indicator probe was directly immobilized on the 3D matrix scaffold [35] . This in situ 3D pH mapping within intact biofilms revealed a fascinating distribution of matrix-delimited regions of low pH values (4.5-5.5) at sites throughout the biofilm architecture. How acids accumulate in these local niches requires elucidation, potentially via diffusion-limitation combined with local metabolic activity [35, 36] . Likewise, bacterial aggregates confined within "microtraps" using gelatin-based 3D microprinting create oxygen micro-gradients and induce phenotypic changes in a subpopulation of cells within the aggregate [37] . The development of additional probes for incorporating (or cross-linking) into the matrix and other microfabrication technologies should elucidate the assembly dynamics of spatially heterogeneous biofilm microenvironments in 3D.
Local eukaryotic tissue microenvironments also differ substantially in molecular composition, density, porosity, stiffness, and other features. Besides increased stiffness in scars and fibrosis, connective tissue ECMs can become strikingly dense ("desmoplastic") in many advanced tumors; such physical properties can have major effects on cellular functions including invasiveness [25, 38, 39] . Within tumors, there are often local regions of hypoxia, acidic pH, tumor cell death, and release of proteases and other cellular constituents; new genetically encoded or chemical sensors for hypoxia or pH should provide detailed information about local oxygenation or pH [40, 41] . More generally, the eukaryotic ECM has well-known functions as a chemical reservoir of growth factors, cytokines, proteases, and other extracellular factors, and ECM can limit the diffusive range, accessibility, and concentrations of signaling ligands.
Conceptually similar mechanisms may exist during biofilm development. The biofilm matrix can provide both protection of embedded bacteria and tailored niches. For example, the positioning of microorganisms and their stress response mechanisms may correlate with their susceptibility to, or affinity for, low pH or hypoxic environments and availability of specific ligands, nutrients or metabolites. Alkali-generating or bacteriocin/toxin-producing bacteria within biofilms can influence interspecies interactions, local pH, and microenvironment dynamics [42] [43] [44] . Combining matrix and environment analyses with new methods of multi-bacterial species labeling [45] should help characterize the location and functional roles of niches within biofilms.
A heterogeneous milieu can modulate gene expression locally and influence the metabolic exchange and intercellular signaling among different species or between different clusters of cells distributed within the greater biofilm architecture, orchestrating their communal 'social behavior', spatial localization and/or physiological heterogeneity [5, 44, [46] [47] [48] . For example, exopolysaccharides can actively sequester quorum sensing molecules within the biofilm, while quorum sensing signaling in P. aureginosa can be switched off or on by the production of EPS matrix [49] . The matrix itself can also serve as local nutrient reservoir, e.g., by providing fermentable carbohydrates [13] . In addition, the biofilm matrix may act as an external digestion system by immobilizing exoenzymes, allowing them to metabolize substrates in close proximity to cells while also participating in matrix remodeling [3, 13, 31, 50] .
Cell-matrix interactions
Eukaryotic cell-ECM interactions provide spatial, chemical, and mechanical cues to activate intracellular signaling cascades. For example, matrix glycoproteins and proteoglycans can enhance signaling and adhesive functions, while growth factors and cytokines incorporated within ECM can locally stimulate adherent cells [1, 51] . Similarly, the biofilm matrix provides highly structured yet spatially and chemically heterogeneous environments that locally affect cellular physiology, transcriptional activity, and survival [3, 4, 34] .
The mechanical characteristics of ECM, such as rigidity, porosity, and cross-linking can be sensed by eukaryotic cells through mechanotransduction, affecting proliferation and gene expression locally [52] [53] [54] . Matrix stiffness and architecture can also alter differentiation, signaling, and tumor metastasis [26, 27, [55] [56] [57] [58] . Whether the ECM is linearly versus nonlinearly elastic can regulate use of a novel 'nuclear piston' mode of 3D cell migration [59] . Analogously, mapping local viscoelastic properties of intact biofilms revealed mechanical micro-niches modulated through bacterial surface appendages [22] . Mechano-sensing via membrane channels gated with osmotic pressure has been described in microbes [60, 61] , but the physical sensing and responses to environmental rigidity observed in eukaryotic cells have not yet been identified in bacteria. Intriguingly, a recent study demonstrated that bacteria (Bacillus subtilis) can create internal forces within biofilms; such force, associated with growth-induced pressure, helps bacteria to shape biofilm structure [62] . Clearly, further studies on microbial bi-directional interactions affecting local mechanical properties of the matrix are needed.
By offering a variety of chemical and physical milieus, the biofilm matrix may locally modulate complex interspecies competition, synergism, and/or mutualism in regions undergoing active matrix synthesis, remodeling, and metabolism. Recent characterizations of pathways regulating biofilm matrix gene expression have identified several extra-and intra-cellular signaling molecules, plus non-signaling mechanisms for activation of matrix production [5, 44] . Nevertheless, it is unclear how matrix triggers cell heterogeneity and influences chemical or mechanical sensing/signaling, localized acid/alkali, or even antimicrobial production within biofilms. How bacterial binding to specific EPS-matrix ligands activates intracellular nucleotide-based signaling also needs further elucidation. Opportunities to create structured physical and chemical microenvironments within microfluidic devices [63] or using 3D printing to create EPS-delineated compartments [64] may help elucidate how the matrix modulates niche biology. Similarly, microfluidic organ/ tissue-on-chip technologies can provide insights into eukaryotic tissue function and pathologies [65] .
Eukaryotic ECM-biofilm interactions
Laminins, collagens, and fibronectin are abundant ECM components of basement membranes and interstitial spaces/connective tissue. These ECM constituents are often targeted by microorganisms for adhesion and biofilm formation, causing chronic, localized infection as well as facilitating microbial invasion to "metastasize" to other sites in the human body. The attachment of microbial pathogens to the ECM of host tissues is mediated by multiple surface proteins known as adhesins, which vary in size and structure (with single or multiple binding domains). Collagen-, fibronectin-, and laminin-binding adhesins have been identified in a wide range of microbes; adhesins recognize specific epitopes/domains (protein-protein interactions) or carbohydrate side chains of these ECM constituents [66] . S. aureus is a common, effective colonizer of host tissues, expressing a myriad of adhesins targeting a wide spectrum of ECM ligands [66] . For example, several cell-wall anchored proteins termed MSCRAMMs* such as ClfA and FnbpA/B can bind to fibrinogen and fibronectin, while CNA is a collagen-binding adhesin. Interestingly, several secreted proteins not only help assemble biofilm matrix, but also bind to ECM components (e.g., Emp and Eap adhesins). Thus, a myriad of dynamic biofilm matrix-ECM interactions occur during microbial infection, which may directly modulate both bacterial and host cell responses. Details of these bi-directional interactions remain to be elucidated.
*Microbial Surface Components Recognizing Surface Adhesive Matrix Molecules
Once microorganisms attach and accumulate in biofilms, they can degrade eukaryotic ECM directly via production/secretion of proteolytic enzymes, such as metallo-and serineproteases, but also indirectly through activation of host inflammatory responses, induction of host matrix metalloproteinases (MMPs), recruitment of neutrophils, or even 'hijacking' host proteases such as plasminogen [66] . Likewise, biofilms formed on adjacent surfaces, including teeth at the gingival interface, bone, or indwelling medical devices such catheters, can also alter the local ECM of host tissues. Interestingly, periodontal pathogens such as Porphyromonas gingivalis can manipulate host immune responses by subverting complement function to evade neutrophil-mediating killing [67] . Persistence of inflammatory environments is advantageous to inflammophilic bacteria because degraded ECM components, such as collagen peptides released from tissue breakdown, serve as nutrients for these organisms. Furthermore, microbial colonization and biofilm formation can modify the local environment by releasing metabolites and other byproducts, as well as altering pH and oxygen levels, which could further enhance degradation and exposure of ECM components. This process enhances the adherence and persistence of pathogens and promotes inflammation, leading to localized chronic infections such as chronic wounds, cystic fibrosis, or periodontal diseases. Degradation of ECM can also pave the way for bacterial invasion deeper into host tissues, breaching cellular barriers and leading to infection dissemination.
Some microorganisms can exploit cell-ECM interactions to internalize into host cells [66] . For example, Listeria monocytogenes can directly bind to E-cadherin via surface proteins (interlins), causing actin rearrangement and membrane phospholipid changes that allow pathogen entry. Because microbes can use ECM of host tissues for attachment, immune evasion, invasion and even internalization, intriguing questions include: What is the binding affinity and specificity of specific microbes to the various ECM isoforms found in a particular tissue or organ? Are products released during ECM degradation incorporated into local biofilm matrix to change its properties and alter microbial physiology and pathogenicity? Finally, can biofilm-ECM interactions influence cancer pathogenesis?
human breast cancer progression/aggressiveness and increased local deposition of collagen that is linearly aligned, along with enhanced local tissue stiffness and inflammation. 26. Du J, Zu Y, Li J, Du Summary and future perspectives
•
The extracellular matrix of both biofilms and tissues provides structural scaffolds, and also governs cellular activity either directly or through generation of local microenvironments or niches. How such diffusionlimiting barriers and compartmentalization modulate microenvironmental heterogeneity and niche biology over time, and how they locally affect cell physiology, tumor progression, or bacterial survival, need further elucidation.
The composition, structure, and function of extracellular matrix components in both biofilms and in eukaryotic tissues are incredibly diverse. Further detailed characterizations are needed of the molecular and functional diversity of the matrix or "Matrisome,' particularly in biofilms.
• Eukaryotic cell-matrix adhesion provides an interactive interface between extracellular and intracellular milieus via sensing and signaling, resulting in cellular responses to chemical and physical matrix cues. Whether bacterial cells interact reciprocally with the biofilm matrix via mechanotransduction, chemical signaling, or binding/release of extracellular signaling molecules in a similar manner requires further exploration.
• Both bacterial and eukaryotic cells constantly remodel the matrix to dynamically restructure the microenvironment. Further investigation into the regulation of matrix remodeling and how the altered matrix composition/structural organization affects cell functions may lead to exciting discoveries concerning the mechanisms of bacterial dispersal from biofilms, tissue morphogenesis, and tumor progression/metastasis.
Matrix-mediated changes in the biofilm and tissue microenvironment can also modify cell-cell interactions, specifically between different cell types or microbial species. In turn, dynamic reciprocity between cells and matrix, or cell-cell interactions and matrix, may provide a complex, interconnected molecular network governing cellular functionality at both single-cell and multicellular levels.
• Eukaryotic ECM-biofilm interactions are critical for localized infection and inflammation, and may be also involved in cancer development.
Unveiling and comparing the detailed mechanisms by which spatial, chemical, and mechanical cues and heterogeneity of the matrix impact intra-and inter-cellular responses locally will advance our understanding of biofilm and tissue/organ homeostasis and pathogenesis ( Fig. 3) . 
Figure 3. Schematic summary of dynamic cell-matrix interactions in biofilms and eukaryotic systems
Microbial and eukaryotic cells can secrete and remodel the extracellular matrix. The matrix not only surrounds and cements cell together but also organizes cells into a cohesive and functional 3D polymeric network that provides a scaffold for multicellular biological structures and signaling. It provides a dynamic 3D microenvironment where cells can interact bi-directionally with constantly changing chemical and physical cues that modulate morphogenesis, homeostasis, and pathogenesis. 
